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Introduction {#sec001}
============

*Conogethes punctiferalis* (Guenée)(Crambidae), *Grapholita molesta* Busck (Tortricidae), and *Spilonota albicana* Motschulsky (Tortricidae) are common and serious pests in China \[[@pone.0205604.ref001]\]. More specifically, the yellow peach moth, *C*. *punctiferalis* is a polyphagous pest, which is widely distributed throughout in China, damaging in buds and fruits of various forests and fruit trees \[[@pone.0205604.ref002]\]. The oriental fruit moth, *G*. *molesta*, is a worldwide pest that severely damage stone fruit trees, such as pear, peach, plum, apricot, apple, cherry, and other Rosaceae plants \[[@pone.0205604.ref003]\]. The pear bud moth, *S*. *albicana* is mainly distributed in the east and north of China, attacking hawthorn, apple, pear, peach, and other fruit trees\[[@pone.0205604.ref001]\]. With the increasing growing cultivated area, the three fruit borers has becoming serious pests of many fruit orchards and crops and cause serious economic loss. At present, the control of them mainly relies on the utility of chemical insecticides. Nevertheless, chemical control also brings with it a series of problems such as insecticide resistance, environmental pollutions and the decrease of biodiversity \[[@pone.0205604.ref004],[@pone.0205604.ref005]\]. Consequently, the application of biological controls, including the use of sex pheromones, may become potentially effective measures to suppress the pest \[[@pone.0205604.ref006]\]. The antennal sensilla of insect is an important organ which can recognize the sex pheromones, so it is the most important step that obtain the ultrastructure of antennal sensilla of this three fruit borers \[[@pone.0205604.ref007]\].

In insect, the sensillum is a specialized structure of the epidermis, especially occur in the form of hairs, pegs, etc \[[@pone.0205604.ref008],[@pone.0205604.ref009]\]. According to the morphology, the sensilla were termed as trichoid, chaetica, coeloconica, basiconca, Böhm bristles, etc. \[[@pone.0205604.ref010]\]. They play an important role in the feeling of various stimuli (odor, sound, heat, cold, humidity and tactile information) involved in finding suitable habitat and locating mates\[[@pone.0205604.ref011],[@pone.0205604.ref012],[@pone.0205604.ref013]\], on the other hand, play important roles in many behaviors, including detect sex pheromone and host plant volatiles \[[@pone.0205604.ref014],[@pone.0205604.ref015]\]. As we know, a lot of studies have characterized the antennal sensilla of various insects, sepecially the structure and function of antennal sensilla in Lepidoptera, have been documented by ultrastructure in many families in the past few decades \[[@pone.0205604.ref016]--[@pone.0205604.ref020]\]. However, as far as we know, no compared work has been published on the antenna1 sensilla of three fruit borers mentioned above.

In order to better understand their olfactory system related to the biological control of these three fruit borers, we observed and compared the morphology of antennae and type of anternnal sensilla of the male and female between *C*. *punctiferalis*, *G*. *molesta*, *S*. *albicana* adults by using SEM (Scanning Electron Microscope).

Materials and methods {#sec002}
=====================

Sources of insects {#sec003}
------------------

All insects studied were obtained from the orchard of the College of Horticulture of Northwest A&F University, Yangling, Shaanxi Province in China. The fruits (i.e., apple, pear, plum, peach, apricot) which were infested by fruit bores larvae were collected in the orchard, then reared in the insect cages until adults emergence.

Preparation of specimens {#sec004}
------------------------

The adults antennae of 10 female and male of each of the three fruit borers were cut under a stereomicroscope by tweezers and sharp blades and washed in 70% ethanol solution (four times, each for 5 s) in an ultrasonic cleaner (KH-250DB; 15°C, 50HZ). After carbon dioxide critical point drying, the antennae were attached to a holder using electric adhesive tape, sputter-coated with gold, examined and photographed with a S-4800 SEM (at 10 kV\~15 kV). The antennal sensilla were identified based on their morphology described by Schneider \[[@pone.0205604.ref008]\] and Na \[[@pone.0205604.ref021]\].

Results {#sec005}
=======

Antennal morphology of *C*. *punctiferalis* {#sec006}
-------------------------------------------

The filamentous antennae of *C*. *punctiferalis* consist of a basal scape, pedicel and elongated flagellum (about 61\~75 sub-segments) ([Fig 1A](#pone.0205604.g001){ref-type="fig"}). The first two regions are covered with scales, as is on its dorsal surface of the flagellum. In contrast, the ventral surface of the flagellum is equipped with the sensilla. No significant differences are found between sexes, except the number of sub-segment of flagellum ([Table 1](#pone.0205604.t001){ref-type="table"}). Nine types of sensilla are totally found on the antennae of *C*. *punctiferalis*: sensilla trichodea (Type I, II), sensilla chaetica, sensilla basiconica, Böhm bristles, sensilla auricillica, sensilla squamiformia, sensilla styloconica (Type I, II), sensilla coeloconica (Type I, II), and sensilla campaniformia. Notably, sensilla coeloconica can be found on the antennae of female only.

![Antennal sensilla of *Conogethes punctiferalis*.\
A. Morphology of antennae of *Conogethes punctiferalis* S: Scape, P: Pedicel, F: Flagella; B. STI(sensilla trichodea I), STII(sensilla trichodea II); C. SCh(sensilla chaetica), SQ(sensilla squamiformia); D. SBa(sensilla basiconica); E. BB(Böhm bristles); F. SAu(sensilla auricillica), SCoI(sensilla coeloconicaI), SCa(sensilla campaniformia); G. SST I(sensilla styloconica I); H. SSTII(sensilla styloconicaII); I. SCoII(sensilla coeloconicaII); J. SCa(sensilla campaniformia); K. SAu(sensilla auricillica), SCa(sensilla campaniformia); L. ST I(sensilla trichodea I), SCoI(sensilla coeloconica I).](pone.0205604.g001){#pone.0205604.g001}
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###### The differences in antennal sensilla of three fruit borers.

![](pone.0205604.t001){#pone.0205604.t001g}

  Sensilla types            *Conogethes punctiferalis*   *Grapholitha molesta*   *Spilonota albicana*             
  ------------------------- ---------------------------- ----------------------- ---------------------- ---- ---- ----
  sensilla trichodeaI       \+                           \+                      \+                     \+   \+   \+
  sensilla trichodeaII      \+                           \+                      \+                     \+   \+   \+
  sensilla auricillica)     \+                           \+                      \+                     \+   \+   \+
  sensilla chaetica         \+                           \+                      \+                     \+   \+   \+
  sensilla basiconica       \+                           \+                      \+                     \+   \+   \+
  Böhm bristles             \+                           \+                      \+                     \+   \+   \+
  sensilla squamiformia     \+                           \+                      \+                     \+   \+   \+
  sensilla styloconicaI     \+                           \+                      \+                     \+   \+   \+
  sensilla styloconica II   \+                           \+                      \+                     \+   \+   \+
  sensilla coeloconicaI     \+                           \+                      \+                     \+   \+   \+
  sensilla coeloconicaII    \+                           −                       \+                     \+   −    −
  sensilla coeloconica      \+                           \+                      −                      −    −    −

Note: "+"indicates "with"; "−"indicates "without".

Sensilla trichodea ([Fig 1B](#pone.0205604.g001){ref-type="fig"}) are the most widely distributed sensilla on the antennae of *C*. *punctiferalis*; they are slender and hair-like, and occur in clusters along the ventral surface of flagellomere. Sensilla trichodea can be divided into two subtypes (Type I and II). Sensilla trichodea Type I ([Fig 1L](#pone.0205604.g001){ref-type="fig"}) is straight at the base and taper toward the end. Sensilla trichodea Type II ([Fig 1B](#pone.0205604.g001){ref-type="fig"}), is curved at the base, and parallel to the surface of antenna at the terminal end. Sensilla chaetica ([Fig 1C](#pone.0205604.g001){ref-type="fig"}), are upright and protrude similar to a thorn with a grooved surface, and they are mainly found on each flagellomere. Sensilla basiconica ([Fig 1D](#pone.0205604.g001){ref-type="fig"}) are short and robust with blunt setae. These sensilla present on the distal surface of each sub-segment of flagellum. Böhm bristles ([Fig 1E](#pone.0205604.g001){ref-type="fig"}), are thin and sharp with smooth cuticles. They are as in clusters at the base of the scape and pedicel only. Sensilla auricillica ([Fig 1F and 1K](#pone.0205604.g001){ref-type="fig"}) are ear-shaped, covered with many small pores on its surface of the cuticular. These sensilla are mainly scattered on the distal of the flagllum. Sensilla squamiformia ([Fig 1C](#pone.0205604.g001){ref-type="fig"}) are scale-like and more elongated than scape with a distal end tapering, found along the scape and pedicel among the scales. Sensilla styloconica are thumb-like with a small cone-shape tip. These sensilla are distributed at the distal margin of each sub-segment of flagellum. Sensilla styloconica can also be divided into two subtypes (Type I and II). Sensilla styloconica Type I ([Fig 1G](#pone.0205604.g001){ref-type="fig"}) are feeding-bottle shaped with a smooth surface; In contrast, sensilla styloconica Type II ([Fig 1H](#pone.0205604.g001){ref-type="fig"}) have a grooved surface with a spine-like tip apically. Sensilla coeloconica (SCo I and SCo II) are only found on the distal of the flagellum. Sensilla coeloconica (SCo I) consist of a submerged central peg surrounded by a ring of cuticular spines, while sensilla coeloconica (SCo II) ([Fig 1I](#pone.0205604.g001){ref-type="fig"}) have a central peg only, without a ring of cuticular spines ([Fig 1F and 1L](#pone.0205604.g001){ref-type="fig"}). Sensilla campaniformia ([Fig 1F, 1J and 1K](#pone.0205604.g001){ref-type="fig"}) are hemispherical-like with a smooth surface, only a few these sensilla are found at the distal margin of sub-segment of flagellum.

Antennal morphology of *G*. *molesta* {#sec007}
-------------------------------------

The antenna of *G*. *molesta* is filose, and nearly the entire scape and pedicel on the dorsal surface are covered with scales, the flagellum consists of about 41\~49 sub-segments ([Fig 2A](#pone.0205604.g002){ref-type="fig"}). The number of flagellomere is also different between the sexe*s*. In total, eight types of sensilla were found on the antennae of *G*. *molesta*: sensilla trichodea (ST, Type I and II) ([Fig 2C, 2B and 2H](#pone.0205604.g002){ref-type="fig"}), sensilla chaetica (SCh) ([Fig 2D](#pone.0205604.g002){ref-type="fig"}), sensilla basiconica (SBa) ([Fig 2C](#pone.0205604.g002){ref-type="fig"}), Böhm bristles (BB) ([Fig 2E](#pone.0205604.g002){ref-type="fig"}), sensilla auricillica (SAu) ([Fig 2F, 2J and 2L](#pone.0205604.g002){ref-type="fig"}), sensilla squamiformia (SQ) ([Fig 2G](#pone.0205604.g002){ref-type="fig"}), sensilla styloconica (SST, type I and II) ([Fig 2B, 2H and 2I](#pone.0205604.g002){ref-type="fig"}), and sensilla coeloconica (SCo, type I and II) ([Fig 2J, 2L and 2K](#pone.0205604.g002){ref-type="fig"}).

![Antennal sensilla of *Grapholitha molesta*.\
A. Morphology of antennae of *Grapholitha molesta* S: Scape, P: Pedicel, F: Flagella; B. STII(sensilla trichodeaII), SST I(sensilla styloconica I); C. ST I(sensilla trichodea I), SBa(sensilla basiconica); D. SCh(sensilla chaetica); E. BB(Böhm bristles); F. SAu(sensilla auricillica); G. SQ(sensilla squamiformia); H. STII(sensilla trichodeaII), SST I(sensilla styloconica I); I. SSTII(sensilla styloconicaII); J. SCoI(sensilla coeloconicaI), SAu(sensilla auricillica); K. SCoII(sensilla coeloconicaII); L. SCoI(sensilla coeloconicaI), SAu(sensilla auricillica).](pone.0205604.g002){#pone.0205604.g002}

Antennal morphology of *S*. *albicana* {#sec008}
--------------------------------------

The antennae of *S*. *albicana* is similar to above two species, except the number of flagellum (about 52\~56 sub-segments). Similarly, eight types of sensilla are observed totally: sensilla trichodea (Type I, II) ([Fig 3B and 3C](#pone.0205604.g003){ref-type="fig"}), sensilla chaetica ([Fig 3C and 3I](#pone.0205604.g003){ref-type="fig"}), sensilla basiconica ([Fig 3D](#pone.0205604.g003){ref-type="fig"}), Böhm bristles ([Fig 3E](#pone.0205604.g003){ref-type="fig"}), sensilla auricillica ([Fig 3F](#pone.0205604.g003){ref-type="fig"}), sensilla squamiformia ([Fig 3G](#pone.0205604.g003){ref-type="fig"}), sensilla styloconica (Type I, II) ([Fig 3C and 3H](#pone.0205604.g003){ref-type="fig"}), and sensilla coeloconica ([Fig 3F](#pone.0205604.g003){ref-type="fig"}).

![Antennal sensilla of *Spilonota albicana*.\
A. Morphology of antennae of *Spilonota albicana* S: Scape, P: Pedicel, F: Flagella; B. ST I(sensilla trichodea I); C. STII(sensilla trichodeaII), SST I(sensilla styloconica I), SCh(sensilla chaetica); D. SBa(sensilla basiconica); E. BB(Böhm bristles); F. SAu(sensilla auricillica), SCoI(sensilla coeloconicaI); G. SQ(sensilla squamiformia); H. SSTII(sensilla styloconicaII); I. SCh(sensilla chaetica).](pone.0205604.g003){#pone.0205604.g003}

Discussion {#sec009}
==========

Sensilla trichodea {#sec010}
------------------

Sensilla trichodea, as the most abundant sensilla in this study, were similar in shape between these three fruit borer moths and other lepidopteran insects \[[@pone.0205604.ref022]\]. According to their size and density, sensilla trichodea could be divided into more subtypes, for example, three subtypes were found on *Ostrinia nubilalis* \[[@pone.0205604.ref023]\]. But, only two subtypes of sensilla trichodea were identified among the three fruit borer moths in our study. These types of sensilla are olfactory reception of host plant volatiles and sex pheromones \[[@pone.0205604.ref022]\].

Sensilla chaetica {#sec011}
-----------------

Sensilla chaetica have been commonly presented in many lepidopteran insects \[[@pone.0205604.ref024]--[@pone.0205604.ref026]\]. In this study sensilla chaetica were similar in structure among the three moths. Sensilla chaetica could perceive the movement of antennae as proprio receptors as shown previously \[[@pone.0205604.ref027],[@pone.0205604.ref028]\] and considered to be chemoreceptors \[[@pone.0205604.ref029]\].

Sensilla basiconica {#sec012}
-------------------

Sensilla basiconica are larger sensilla with papula surface, sensory cones, and extensively pitted surface \[[@pone.0205604.ref030]--[@pone.0205604.ref033]\]. Our results showed that sensilla basiconica were morphologically similar in the three moths. This types of sensilla observed in this study also closely resembled to that observed in many other families of Lepidoptera \[[@pone.0205604.ref022]\]. Sensilla basiconica on the antennae are deduced to possess olfactory function \[[@pone.0205604.ref022],[@pone.0205604.ref034]\].

Böhm bristles {#sec013}
-------------

Böhm bristles found in our study morphologically resemble to those observed in many other families of Lepidoptera \[[@pone.0205604.ref035]\]. In several studies, this type sensilla were considered to be the mechanoreceptors with a proprioceptive function \[[@pone.0205604.ref029],[@pone.0205604.ref036]\].

Sensilla auricillica {#sec014}
--------------------

Our observation showed that Sensilla auricillica in the three fruit borer moths were consistent with that in butterfly and moth species, even though their distribution and external morphology were variously. Previous studies reported that sensilla auricillica were behaviorally sensitive to plant volatiles in *Cydia pomonella* \[[@pone.0205604.ref035],[@pone.0205604.ref037]\].

Sensilla squamiformia {#sec015}
---------------------

Sensilla squamiformia were widely distributed among Lepidoptera, though the shape and distribution of these sensilla were different in several reported moth species \[[@pone.0205604.ref022]\]. However, the function of sensilla squamiformia were seldom reported so far, and these sensilla were inferred to have a mechanoreceptive function \[[@pone.0205604.ref038]\]. Consequently, further electrophsiological and behavioral studies are necessary to elucidate its function.

Sensilla styloconica {#sec016}
--------------------

Two subtype of sensilla styloconica were found on the antennae of the three fruit borer moths in this study, which were identical to those in *Sitotroga cerealella* (Gelechiidae) \[[@pone.0205604.ref039]\]. The structure and function of these sensilla have already been well studied so far, and they were considered as temperature and humidity receptors \[[@pone.0205604.ref029]\].

Sensilla coeloconica {#sec017}
--------------------

In term of sensilla coeloconica, two subtypes (type I with spines and type II without spines) were observed on the antennae of *C*. *punctiferalis* and *G*. *molesta*, which were similar to those in *Sitotroga cerealella*, and *Manduca sexta* and *Mythimna separate* etc.,\[[@pone.0205604.ref039]\]. However, sensilla coeloconica (type I) were only found in *S*. *albicana*, which were identical to those observed in skipper butterflies *Parnara* sp. and *Pelopidas* sp. \[[@pone.0205604.ref035]\]. These sensilla may respond to plant volatiles and also have a temperature and humidity-sensitive function \[[@pone.0205604.ref029]\].

Sensilla campaniformia {#sec018}
----------------------

Generally, a few studies reported that sensilla campaniformia were present in Lepidoptera insects, instead, this type of sensilla were more easily found in Hymenoptera, Hemiptera, Coleoptera and Diptera \[[@pone.0205604.ref030],[@pone.0205604.ref040]--[@pone.0205604.ref042]\]. In this study, our observations confirm their presence in the moths, though sensilla campaniformia were only found on the antennae of *C*. *punctiferalis*. Several studies considered sensilla campaniformia as mechanoreceptors while other suggest they were sensitive to temperature and the perception of CO~2~ \[[@pone.0205604.ref022],[@pone.0205604.ref029]\].

Previously, Li et al. \[[@pone.0205604.ref043]\] had already described seven types of antennal sensilla of *C*. *punctiferalis*. However, we confirmed the presence of Böhm bristles and sensilla squamiformia on the antennae of *C*. *punctiferalis*. Meanwhile, Zhang et al. \[[@pone.0205604.ref044]\] examined the antennae of *G*. *molesta* and found seven types of sensilla. Our results confirmed sensilla squamiformia on the antennae of *G*. *molesta*. For *S*. *albicana*, it is the first time to describe their antennal sensilla in this study, which were similar to those found in *G*. *molesta* and other species from Tortricidae \[[@pone.0205604.ref045],[@pone.0205604.ref046]\].

In general, it can be inferred that the antennal sensilla in Lepidoptera are very rich. Correspondingly, sensilla trichodea, sensilla chaetica, sensilla basiconica, sensilla auricillica, sensilla squamiformia, sensilla coeloconica, and sensilla styloconica are commonly present in lepidopteran insects \[[@pone.0205604.ref024]--[@pone.0205604.ref026]\]. Sensilla chaetica belongs to tactile sensor and mechanical sensor which suggest that this sensor maybe has Location feature \[[@pone.0205604.ref047]\]. Sensilla basiconica is a kind of chemical sensor and may detect the shock of air \[[@pone.0205604.ref048]\]. There are many narrow aperture on sensilla auricillica and appears to be accept sound waves \[[@pone.0205604.ref049]\]. Sensilla coeloconica can be used as feelling the vapour, CO~2~ and plant smell \[[@pone.0205604.ref050],[@pone.0205604.ref051]\].

Only their antennal morphology and types of sensilla of these three fruit borers were observed and compared in this study, the size and more information of sensilla were focused in our further studies.

Conclusions {#sec019}
===========

In summary, the numbers of sub-segmengs of flagellum were varied among these three species, *C*. *punctiferalis* has the highest sub-segmengs of flagellum. Furthermore, we identified nine types of antennal sensilla on *C*. *punctiferalis* and eight types of antennal sensilla on *G*. *molesta*, and *S*. *albicana*. Insects, through evolution and divergence, may evolve different behavioral characteristics \[[@pone.0205604.ref052]\]. Accordingly, we found the differences on the antennal sensilla of *C*. *punctiferalis*, *G*. *molesta*, and *S*. *albicana*, which may relate to their different hosts and life habits. The comparison between male and female showed that sensilla coeloconicaII existed in *C*. *punctiferalis* and *G*. *molesta* for female, while it existed only in *G*. *molesta* for male. Regard to the sensilla coeloconica, it was found only on the *C*. *punctiferalis* in this study ([Table 1](#pone.0205604.t001){ref-type="table"}). Consequently, our study may provide useful information for taxonomy of Lepidoptera, further advanced electrophysiological and behavioral studies to better understand the mechanisms related to pests control.
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